A rrowleaf, crimson, rose, and subterranean clovers are increasingly grown in forage and cropping systems in the southeastern United States. Th ese annual clovers can provide highly nutritive forage, improve seasonal forage distribution, protect the soil from erosion, as well as provide residual N for successive crops (Hoveland and Evers, 1995) . Increased clover production in the southeastern United States increases the need for process-oriented models of clover yield potential and yield responses to the environment.
(shoot) and total RUE (shoot and root) of clover species and determining the eff ect of defoliation on these parameters will increase the accuracy of clover growth model simulations in Texas and similar regions.
Oft en C 3 crop species show similar values for RUE. For example, the mean RUE for peanut (Arachis hypogaea L.) ranged from 1.92 to 2.02 g per MJ IPAR for three sites in Texas (Kiniry et al., 2005) . Rice (Oryza sativa L.) RUE values of 2.09 to 2.61 were reported for four common cultivars in Texas (Kiniry et al., 2001) . Similarly, red clover (Trifolium pratense L.) RUE values of 1.40 to 1.97 g per MJ have been reported in Iowa (Singer et al., 2007) .
In the present study, the objectives were (i) to quantify both the total RUE and shoot RUE of arrowleaf, crimson, rose, and subterranean clovers when the stand is allowed to mature without defoliation and (ii) to compare such to the RUE of regrowth in stands that are defoliated either once or twice during their growing season.
MATERIALS AND METHODS
Four annual cool-season clover species were planted at the Texas Agricultural Experiment Station (32°16´ N, 94°58´ W; 140 m above sea level) at Overton, TX in September 1991 and 1992. 'Yuchi' arrowleaf, 'Tibbee' crimson, 'Overton R18' rose, and 'Mt. Barker' subterranean clovers were seeded at recommended seeding rates of 9.0, 15.7, 15.7, and 17.9 kg ha -1 , respectively (678, 511, 502 , and 260 pure live seed (PLS) m -2 ) (Hoveland and Evers, 1995) on a Keithville very fi ne sandy loam (fi ne-silty, siliceous, semiactive, thermic Glossaquic Paleudalfs)-Sawtown very fi ne sandy loam (fi ne-loamy, siliceous, active, thermic Typic Glossudalfs) complex in 1991.
In 1992, the same cultivars were planted on a Darco loamy fi ne sand (loamy, siliceous, semiactive, thermic Grossarenic Paleudults). Twice the desired seeding rate for arrowleaf clover was accidentally planted in September 1991 because of an incorrect setting on the planter. Th e planter was equipped with seven double disk openers spaced 18-cm apart. Seeds were inoculated with the appropriate rhizobia strain for each species before planting. Fertilizer rates, based on soil analysis each year, were applied before planting.
Treatments were arranged in a split-plot design with four replications. Each year the main plots within replications were clover species planted in two adjacent 1.3 by 32.5 m strips. Subplots were three cutting treatments. One of the two strips was not cut during the growing season. In the second strip, one end (19.5 by 1.3 m) was cut once in late February to mid-March depending on species, when each species reached an average of 0.20 m height. Th e other end of the second strip (13 by 1.3 m) was cut twice, the same day as the one cut treatment and a second time from mid-March to April depending on species, when each species reached the 0.20 m height. Th e three cutting treatment plots were divided into 1.3 by 1.3 m subplots, with samples taken from the center of the plots (0.5 m of two adjacent middle rows) at 2 wk intervals. Sample dates were randomly assigned to the subplots.
In the uncut treatment, sampling at 2 wk intervals began when clover seedlings for the four species averaged from two to three leaves and continued until the plants began to senesce at maturity. In the one-cut treatment, sampling at 2 wk intervals began on the day of cutting. In the two-cut treatment, sampling at 2 wk intervals began on the day of the second cutting. Cutting and sampling dates of the one-cut and two-cut treatments occurred on the same days that the uncut treatment was sampled. Cutting treatments occurred when estimated shoot yield reached 500 g m -2 . Cutting dates for all clover species varied according to plant growth of each species each year. Cutting height was always 0.05 m.
Before sampling, light interception was determined with a 1-m line quantum sensor (Model LI-191SA, LI-COR, Lincoln, NE) with repeated measurements between 1100 and 1400 h on sampling dates. Photosynthetic photon fl ux density (PPFD) was spatially-averaged along the 1-m length. Th e line sensor was placed perpendicular to the rows above and below the plant canopy to determine the percent of PPFD interception. A portable weather station was placed next to the study containing a micrologger (Model CR21, Campbell Scientifi c, Logan, UT), equipped with a temperature probe (Model 101, Campbell Scientifi c, Logan, UT) and tipping bucket rain gauge (Model TE525, Campbell Scientifi c, Logan, UT).
On sample dates, clover plants were removed from 0.5 m of two adjacent middle rows (0.18 m 2 ) to a maximum soil depth of approximately 0.5 m with a spade. In spring it was estimated that <10% of the root system was below this depth. Aft er most soil was removed from the roots in the fi eld, plants were placed in plastic bags and stored at 8°C. Plants were removed from the plastic bags within 24 h and washed with distilled water to remove remaining soil and blotted dry with paper towels. Plant density was determined by counting the number of plants per sample. Shoots were separated from the roots and both placed in a force draft oven at 60°C until dry. Dry biomass values were then used to calculate above-and belowground and total biomass yield.
Regressions were fi t with the species means of aboveground plant dry weight and summed IPAR for each replication. Th e RUE was the slope of the regression for this plant weight (g m -2 ) as a function of the summed IPAR (MJ m -2 ). Regression analysis was used to determine if arrowleaf, crimson, and subterranean clovers diff ered signifi cantly from rose clover (which had the greatest RUE) at the 95% confi dence level. Within each year, each aboveground data set other than that of rose was assigned indicator variables for slope and intercept, their values being 1.0 for that data set and 0.0 for the other data sets. If the regression parameter was signifi cant for an indicator variable, then the slope or the intercept for the data set was significantly diff erent from that of rose in that year (Neter et al., 1985) .
An additional set of analyses were done to further determine how species diff ered in their RUE values. Within each year of each cutting treatment, regressions were fi t for each replication of each clover species, for aboveground biomass as a function of summed IPAR. Th us, we obtained four estimates of the slope (the RUE), one for each replication of a species in a cutting treatment in a year. Th ese four values of RUE for each species were used for an ANOVA within each cutting treatment with each year, to test for signifi cant (α = 0.05) diff erences among species. A Duncan's multiple range test then was used to show how the four species' RUE values compared statistically.
To compare environmental conditions among data sets, mean temperature, mean incident PAR and rainfall sum were calculated for each species during the time interval when the last 90% of total biomass was produced. Th us, using the fi nal biomass measured, we determined the date when 10% of this value was measured. Th is date was used for the initiation of the interval for the fi nal 90% accumulation. Th is provided a realistic comparison of growing conditions while avoiding cool periods during the winter with minimal biomass production.
RESULTS AND DISCUSSION
Weather Conditions Moisture was limiting in October and from mid-March to early May in the 1991-1992 growing season (Table 1) as described in Evers and Newman (2008) . January and February temperatures were mild. In the 1992-1993 growing season there were no unusually warm or cold periods, but moisture was limiting in late September and October. Th e 1991-1992 growing season had mild winter temperatures and good moisture. In the 1992-1993 growing season, autumn and winter were dry until mid-February resulting in delayed emergence.
Environmental conditions during accumulation of the last 90% of biomass between the 2 yr were not consistent among the four clover species (Table 2) . Th is was because crimson and subterranean began growth sooner than arrowleaf and rose in 1991-1992, while only crimson began growth earlier than arrowleaf and rose in 1992-1993. Th e mean temperatures were nearly the same for the 2 yr for rose, were warmer during the fi rst season for arrowleaf and crimson, and were warmer for the second season for subterranean. Th e mean incident PAR values were higher for the fi rst season for arrowleaf and crimson and higher for the second season for the other species. Rainfall sums during the periods were similar between seasons for rose and crimson, while arrowleaf had a greater sum the second season and subterranean had a greater sum the fi rst season.
Radiation Use Effi ciency of AboveGround Biomass
Within each year and cutting treatment, the ANOVA analyses showed signifi cant diff erences in RUE among species, with the exception of the regrowth following the second cutting in the second year (Table 3 ; Fig. 1 and 2) .
For the uncut treatment, mean RUE values for rose clover were equal to or greater than (P < 0.05) arrowleaf clover in the 1991-1992 and 1992-1993 growing seasons, respectively. In both years, the RUE of rose and arrowleaf were superior to crimson and subterranean clovers, while crimson and subterranean clovers showed similar, relatively low values.
Th e reported arrowleaf clover yields in the uncut treatment (Evers and Newman, 2008) in May and June are higher than what has been previously reported in the literature (Hoveland and Evers, 1995) . In previous studies yield was from multiple harvests during the growing season in contrast to uncut growth reported by Evers and Newman (2008) . Hoveland et al. (1970) reported that arrowleaf clover yields decreased as cutting frequency increased. Another diff erence between this study and previous studies was that the shoot growth was separated from the root at soil level instead of at 8 to 15 cm cutting heights commonly used in fi eld studies.
Following one cutting, regrowth exhibited some diff erences in RUE among species in each year. In the fi rst year, arrowleaf RUE was greatest, with the other three species having significantly lower values. In the second year, rose had the greatest RUE, with the other three species having signifi cantly lower values. Th us ranking among species for RUE was not consistent between the 2 yr.
Following two cuttings, regrowth exhibited even greater diff erences in RUE among species, but the diff erences were not always signifi cant. In the fi rst year, subterranean RUE was greatest, with the other two species have much lower values. However, only crimson RUE was signifi cantly lower than subterranean's value. In the second year, arrowleaf had the greatest RUE. However none of the other two clovers' values were signifi cantly diff erent from arrowleaf 's value. Th us for regrowth following two cuttings, ranking among species for RUE was also not consistent between the 2 yr.
It appeared that an aboveground RUE value of 2.9 g MJ -1 was realistic for rose, a value of 2.5 for arrowleaf, and a value near 1.9 for crimson and subterranean. Th e RUE values for total (aboveground and belowground biomass) were only slightly greater and showed the same relative trends among species. Th e mean RUE values of aboveground biomass were 2.92 g MJ -1 for rose, 2.52 for arrowleaf, and 1.94 for crimson, and 1.86 for subterranean. For the RUE using the total biomass including roots these mean values were 3.01, 2.59, 2.00, and 1.98, respectively. Table 3 . Mean radiation use effi ciency (RUE) values calculated from the four RUE values for the replications. Each year of each cutting treatment was analyzed separately. Sample size was four in each case. P ≤ 0.005 for both years of the uncut, P < 0.008 for both years of the one cut, P < 0.02 for the fi rst year two cut, and P = 0.22 for the second year of the two cut. Th e four clover species all showed greater RUE values in the second season than in the fi rst. Th is was despite the inconsistency in trends for temperature, PAR and rain among species for the 2 yr. For rose, the RUE value the second season was 38% greater than for the fi rst. For arrowleaf, it was 35% greater. For crimson, it was 46% greater and for subterranean, it was 58% greater.
Even with the diff erences between years for uncut RUE, the relative ranking among clover species was remarkably consistent between the 2 yr. Arrowleaf demonstrated a RUE that was 87% of the uncut RUE of rose in the fi rst year and 85% in the second. In contrast, crimson exhibited a RUE of 64% of the uncut RUE of rose in the fi rst year and 68% in the second. Subterranean had a RUE of 59% of the uncut RUE of rose in the fi rst year and 67% in the second.
For regrowth following one cutting, mean aboveground RUE values were only 5 to 6% lower than uncut aboveground RUE means for everything except crimson clover (Fig. 3-6 ). For crimson clover, the mean regrowth RUE was 12% lower than the uncut RUE mean. Similarly, the aboveground RUE values following one cutting were always lower for the fi rst season's data than for the second season.
For regrowth following two cuttings, the mean RUE values were larger than the uncut RUE for two of the three clovers (rose regrowth was not sufficient to be usable). These mean regrowth RUE values, relative to uncut RUE values, were 152% for subterranean, 112% for arrowleaf, and 93% for crimson. The RUE values were greater for the first year for subterranean and greater the second year for the other two clovers.
Clover species are used extensively for forage and as a N source in many regions of the world. The transfer of research findings from this study will benefit both modeling research and plant breeding. Results of the present study give some guidance to realistic values for RUE, arguably the most important plant parameter describing biomass production.
The mean clover RUE values of 1.9 to 2.9 described herein were close to the previously published values of 1.4 to 2.0 for red clover (Singer et al., 2007) , 1.9 to 2.0 for peanut (Kiniry et al., 2005) , and 2.1 to 2.6 for rice (Kiniry et al., 
2001)
. Th e regrowth RUE values demonstrated that little or no adjustment of RUE is needed to simulate regrowth. Since values of single-cutting regrowth RUE were well within 10% of uncut RUE values for three of the four clover types, it appears that RUE is relatively conservative regardless whether it is cut or not cut. Regrowth RUE following two cuttings, was greater for two of the three clovers, but diff ered by only 12 and 7% for two of these clovers. Th us even following two cuttings, the RUE values generally were consistent with uncut RUE's.
CONCLUSION
Th e process of converting intercepted light into clover biomass showed defi nite variability among species and RUE within each species showed variability between the 2 yr. When simulating regrowth following cutting, using the same RUE values that are used for original growth will give reasonable simulation results. Th us, the mean RUE values described herein off er guidance as reasonable input parameters for simulating original growth and regrowth (i.e., growth following harvesting or grazing) for these clovers in the southeastern United States and similar regions.
